Infection of alfalfa with Rhizobium meliloti exo mutants deficient in exopolysaccharide results in abnormal root nodules that are devoid of bacteria and fail to fix nitrogen. Here we report further characterization of these abnormal nodules. Tightly curied root hairs or shepherd's crooks were found after inoculation with Rm1021-derived exo mutants, but curing was delayed compared with wild-type Rm1O21. Infection threads were initiated in curled root hairs by mutants as well as by wild-type R. meli/oti, but the exo mutant-induced threads aborted within the peripheral cells of the developing nodule. Also, nodules elicited by Rm1O21-derived exo mutants were more likely to develop on secondary roots than on the primary root. In contrast with wild-type R. meliloti-induced nodules, the exo mutant-induced nodules lacked a well defined apical meristem, presumably due to the abortion of the infection threads. The relationship of these findings to the physiology of nodule development is discussed.
Rhizobial invasion and infection thread penetration into root hair cells are crucial steps leading to the establishment and development of the Rhizobium-legume symbiosis. Although the early stages of nodule development have been studied in a large number oflegumes, many questions relating to the entry of the bacteria into the root hair cell and the initiation of the nodule remain.
In the alfalfa-R. meliloti symbiosis, one of the earliest responses to Rhizobium inoculation is root hair curling. Infection threads are formed within the tightly curled root hairs known as "shepherd's crooks" and then penetrate the cells of the root (33) . Several cells away from the growing infection thread (5) , in the inner root cortex in alfalfa, anticlinal cell divisions take place, giving rise to the nodule primodium. The infection thread penetrates deep into the root cortex and invades the nodule primordium (18, 23) . Bacteria are released from infection thread branches into the cortical cell derivatives, which then stop dividing and expand. A persistent nodule meristem is initiated at the distal (apical) end of the nodule. Cell divisions also occur in the endodermis and ' Supported by National Institutes of Health grant ROI-GMI3 1030 (E.R.S.) and National Science Foundation grant DCB 87-03297 (A.M.H.) pericycle after the initiation of mitoses in the inner cortex (18) .
R. meliloti mutants have been utilized extensively to characterize the earliest events in the establishment of alfalfa root nodules. Although nodulation (nod) mutants attach to root hairs (see references in Long [20] ), they do not elicit shepherd's crook formation nor do they stimulate cell divisions within the root cortex (7) . On the other hand, exo mutants, which are deficient in EPS,2 trigger nodule formation, but the nodules that develop are atypical. The nodules are free of bacteria ("empty") and clustered on secondary roots like "beads on a string" (11) .
We originally reported that EJ355, an exoB mutant in the multiply marked genetic background of EJ312, deformed root hairs but did not induce shepherd's crook formation (11) . We also noted that many of the nodules elicited by EJ355 developed on the primary root and had a defined apical meristem. However, we have recently found that the EJ312 genetic background affects the expression of R. meliloti symbiotic genes (6) . Accordingly, we have expanded our study of bacterial invasion and nodule initiation in response to exo mutations in the wild-type Rm 1021 background so that the point of nodule arrest may be delineated more clearly.
We investigated infection thread development as well as the earliest steps in nodule formation-cortical cell division, nodule primordium initiation, emergence ofthe nodule-and compared them with the published reports of wild-type R. meliloti-elicited nodule development (7). We found that many ofthe initial stages ofbacterial invasion and nodule formation are similar for wild-type R. meliloti (exo+) and exo mutants. However, unlike the EJ355-induced nodules we described earlier (11) , the empty nodules elicited by exo mutants in the Rm 1021 background have a diffuse region of cell division that extends over the distal end of the nodule, rather than a discrete, persistent meristem. Furthermore, although infection threads were not detected in the deformed root hairs of plants inoculated with Rm 1021-derived exo mutants, they were observed in sectioned material, where, as in EJ355-inoculated plants, they were present in the outermost cells of the nodule. We suggest that the lack of sustained meristematic activity in exo mutant-induced nodules is directly related to the abortion of infection threads in the superficial cells of the nodule.
MATERIALS AND METHODS

Growth of Seedlings
Seeds ofalfalfa (Medicago sativa L. cv Iroquois) were either surface sterilized in 70% (v/v) ethanol for 10 min, followed by 0.1% (w/v) HgCl2 for 3 min and 2.6% (v/v) sodium hypochlorite for 20 min, or sterilized for 60 min in fullstrength commercial bleach (5.25% sodium hypochlorite) after a 60-min pretreatment in 95% (v/v) ethanol. The seeds were then washed 5 to 6 times with sterile distilled water and germinated either on agar slants (22) (16), which is streptomycin-resistant (str-3). The str-3 mutation, in contrast to str-7, affects symbiotic function (1, 6) . Rm5078 carries the exoB355 mutation transduced from EJ355 into the RmlO21 background (17) .
Five milliliter cultures of rhizobia were grown overnight in Lucia Bertani Broth with appropriate antibiotics (19) Alfalfa seedlings were grown in agar slants (22) or in Fahraeus slide assemblies in liquid medium as described by Bhuvaneswari and Solheim (3) . The roots of plants grown in the Fahraeus slide assemblies were examined under the light microscope at daily intervals for 4 d. Roots were examined every 4 to 6 h during the first day of culture in the Fahraeus slide assemblies. The total root system of the seedling was examined during the experiments. Photographs were taken of almost fully elongated root hairs in the middle region of the growing root hair zone as described by Wood and Newcomb (33) .
When plants were grown in agar slants, they were removed from test tubes every other day, mounted on glass slides under cover glasses, and examined under the light microscope for the presence of infection threads. They were discarded after examination.
Spot Inoculation
Alfalfa seeds were sterilized, planted on water agar, and kept in the dark for 72 h. Seedlings were transferred to square Petri dishes (Labtek) containing Jensen's (32) agar, and the roots were inoculated as described by Dudley et al. (7) . Root sections were harvested and fixed for microscopy at varying times after inoculation.
Microscopy
For electron microscopy, root and nodule tissue was fixed in 3% (v/v) glutaraldehyde or 4% (v/v) glutaraldehyde, 1.5% (w/v) paraformaldehyde in 0.1 M phosphate buffer, pH 6.8, for 2 h at 4°C, then rinsed several times in fresh buffer. The tissue was postfixed 1 h in 1% (w/v) OS04 at 4°C, rinsed twice, dehydrated through acetone, and embedded in Spurr's resin or Epon 812. Ultrathin sections for transmission electron microscopy were stained in uranyl acetate and Reynold's lead citrate.
For light microscopy, tissue was prepared as described above. The plastic sections (0.5-1,um) were stained in 0.05% (w/v) toluidine blue 0 dissolved in 1% (w/v) sodium borate. Serial sections were made of more than 10 different nodules. Some tissue was embedded in paraffin as described by Van de Wiel et al. (30) and sectioned serially at 7 to 8,m.
RESULTS
Root Hair Deformation
Root hairs of alfalfa grown in Fahraeus slide assemblies deformed within 4 h after inoculation with wild-type strains Rm 1021 or Rm2O 11. By 8 h, deformation was extensive, and an occasional 3600 curl (shepherd's crook) was observed. However, shepherd's crooks generally were not conspicuous until 12 to 24 h after inoculation. Moreover, they were difficult to detect among the population of deformed root hairs (Fig. IA, open arrow) .
Extensive root hair deformation occurred as early as 4 h after inoculation with the exoB::Tn5, exoA::Tn5, or exoF::Tn5 derivatives of Rm 1021. However, shepherd's crooks were not observed on alfalfa roots inoculated with exo mutants until 24 h after inoculation. By 48 h after inoculation, 3600 curls were infrequently observed in the growing root hair zone (33) (Fig. 1B) . By 7 d after inoculation, root hairs in the growing root hair zone were extensively deformed (Fig. IC) . Like wild-type R. meliloti, exo mutant bacteria attached polarly to root hairs.
Previously, we reported that strain EJ355, a spontaneous exoB mutant in an EJ312 background, deformed root hairs but did not induce shepherd's crook formation or infection thread formation (11) . We reexamined the effect of EJ355 on root hair deformation and found one or two shepherd's crooks/root 4 to 5 d after inoculation. However, this was an uncommon response compared with roots infected with Rm 1021 TnS exo mutants, in which shepherd's crooks were observed 1 to 2 d after inoculation (Fig. IB) .
Invasion of Root Hairs
Infection threads were found after wild-type R. meliloti infection only in those hairs curled as shepherd's crooks. However, infection threads were difficult to find in root hairs of plants growing in the Fahraeus slide assemblies. Although we did not detect any infection threads in root hairs of living plants after infection with exo mutants, infection threads were commonly observed in the epidermal cells of exo mutantinduced nodules when nodule sections were examined under the light microscope.
Invasion of the Root
Our observations suggested that there are two major modes of invasion of the root by exo mutants: penetration via the middle lamella (intercellular infection) and entry via infection threads (intracellular infection).
Intercellular Infection
The exo mutant rhizobia were frequently sandwiched in between epidermal cells, most likely a result of penetrating the middle lamella ( Fig. 2A, B) . The bacteria within intercellular spaces were surrounded by a thin fibrillar material (Fig.  2C , arrow), which might be considered a modified infection thread. Within this fibrillar boundary, numerous vesicular or tubular-like structures were observed (Fig. 2C , D, open arrows). In some electron micrographs, the vesicles were closely associated with the bacterial cell surface, appearing as extensions of the outer membrane (Fig. 2D, arrow) .
Intracellular Infection
Infection threads were frequently found in the root hair cells of 2-week-old sectioned nodules (Fig. 3A-C) . Infection threads rarely elongated beyond the peripheral cells, and many seemed to end blindly in the outermost cells ofthe developing nodule, appearing distended (Fig. 3B, C) . Some exo mutant rhizobia were also observed free within root hair cells. The root hair cells, however, appeared to have senesced; no host cytoplasm was visible (Fig. 3D) . Mutant rhizobia were also observed trapped between the outer and inner cell wall layers (Fig. 3B, D , open arrows, and boxed region in Fig. 3D ).
The external wall of the root hair cell appeared to consist of an outer layer (a) and an inner layer (fl); both layers looked fibrillar in electron micrographs (Fig. 3E) . Some micrographs illustrated what appeared to be rhizobial degradation of the outer cell wall layer (Fig. 3E ). Rhizobia were also observed enclosed within the cell wall (Fig. 3E, asterisk) . Bacteria entrapped between the two wall layers were encapsulated by a nonfibrillar material, presumably new wall material, from which the thread appears to be derived (Fig. 3F) . Figure 3F is an enlargement of the boxed region in Figure 3D . The distended infection threads in Figure 3B and C (double arrowheads) appeared to have arisen in the same way-from new wall material sandwiched between the original cell wall layers.
Nodule Development
We spot-inoculated alfalfa roots or inoculated plants growing in agar slants with exoF, exoE, or exoB mutants of RmlO21 to study the early stages of nodule development. After inoculation, very few protrusions other than lateral root primordia were detected by 5 to 7 d after inoculation under the growth conditions described in "Materials and Methods." However, in some regions where the root hairs were exten- (Fig. 4A-C) . Derivatives of the pericycle gave rise to the proximal tissue of the developing nodule, whereas the inner cortical cell derivatives formed the nodule primordium. At the distal end of the nodule primordium, several centers of mitotic activity were frequently evident, but no localized, spatially restricted nodule meristem differentiated (Fig. 4D) (33) estimated that, ofthe 80,000 root hairs present on 10 different seedlings, 52 infection threads were initiated in two branched hairs, 17 intertwined hairs, and 33 shepherd's crooks.
The details of rhizobial entry into the root hair cells have been examined at the electron microscope level for only a few legume species (4, 28) . Electron micrographs of clover root hairs show that the bacteria invade the root hairs by degrading the outermost cell wall layer. The rhizobia then become trapped between the inner and outer cell wall layers, and new cell wall material, which forms the nascent infection thread, is deposited over them. Although electron micrographs show that the cell wall is degraded at invasion sites, the exact mechanism of breakdown is unknown. Rhizobium species have been reported to produce pectolytic enzymes (8, 14, 24, 27) , but there is no firm evidence indicating that pectindegrading enzyme production is essential for nodule development.
For R. meliloti exo mutants, although the initial stages of thread formation appear to be similar to those for wild-type infections, there are major differences. Infection threads do not penetrate deep into the cortex but abort within the enlarged root hair cells. In the exo mutant-induced nodules, numerous vesicle-like structures are associated with the bacteria. These structures are not observed in wild-type R. meliloti-induced nodules. However, Ridge and Rolfe (27) did observe vesicle-like structures outside the infection threads in Macroptilium nodules. There are at least two possible explanations for the lack of vesicles in sections of normal nitrogenfixing alfalfa nodules. The vesicles might be produced during normal infection thread development but become visible only in exo mutant-infected tissue, because they are normally covered by rhizobial EPS. Alternatively, the vesicle-like structures might accumulate only in the aborted infection threads, either because the vesicles do not discharge their contents or because they are deficient in contents that are secreted into the normally growing infection thread.
Infection thread abortion is directly related to the production of EPS. R. meliloti that are mutant in exoA, exoB, exoC, exoF, exoL, exoM, exoP, exoQ, or exoT produce no acidic exopolysaccharides (see references in Reed and Walker [26] ). However, by mutation, R. meliloti can produce a second exopolysaccharide (EPSII) even in exo strains; such bacteria can elicit effective, nitrogen-fixing nodules on alfalfa roots (12) . Thus, EPS appears to be required for the establishment of effective indeterminate nodules like those of alfalfa and pea (2) . In contrast, determinate nodules, like those of Phaseolus (2) and Lotus (13) , are effective even when induced by exo mutants. However, the situation is more complicated because, even in R. meliloti exo mutants, other mutations can restore effectiveness without restoring EPS-for example, by modification of LPS (34) . Whether the difference in the effectiveness of nodules elicited by exo mutants is related to the mode of invasion of Rhizobium in determinate versus indeterminate nodules or to other differences related to nodule development remains to be established.
Although a number of roles for EPS in nodulation have been suggested (e.g. 6, 12, 26, 34) , its function remains obscure. EPS might be part of the complex signaling process that occurs between plant and bacteria. It might be involved in positive recognition, enabling directional growth and penetration ofthe infection thread, or it might mask determinants on the rhizobial surface, thereby protecting Rhizobium from host attack. Recently, Puhler et al. (25) observed an increase in phenolic materials in cell walls of peripheral cells containing aborted infection threads initiated by exoY R. meliloti. This reaction is reminiscent of the hypersensitive response whereby a host recognizes an incompatible pathogen. Alternatively, EPS might play a mechanical role, i.e. by filling the interior of the developing infection thread. Whatever the role of EPS, however, it can also be fulfilled by appropriately modified mutant LPS (34) .
Inoculation with exo bacteria initiates anticlinal cell divisions in the inner cortex, producing a region ofcells equivalent to the nodule primodium. (25) , the superficial cells of the developing nodule may accumulate phenolic substances, which are considered to be potent inhibitors of IAA oxidases (31) . Increased levels of phenolics could result in a hormonal imbalance that inhibits the formation of a persistent, focused nodule meristem.
The observations reported here are consistent with other evidence indicating limited meristematic activity of exo mutant-induced nodules. In wild-type R. meliloti-induced nodules, transcripts of MsENOD2, an early nodulin gene of alfalfa, are detected in parenchyma cells at the base and along the periphery of the nodule (30) . In the exo mutant-induced nodules, however, MsENOD2 transcripts are detected only at the nodule base, around the vascular bundles.
Although nodules induced by wild-type R. meliloti are filled with bacteria and exo mutant-induced nodules are "empty," that cannot be the reason for the difference in meristematic activity. The "spontaneous" nodules described by Truchet et al. (29) (15) , increases the frequency of spontaneous nodules with a discrete, terminal meristem (21) . Thus, meristem formation is independent of bacterial invasion. The lack of a persistent nodule meristem in exo mutant-induced nodules appears to be directly related to infection thread abortion and the physiological changes that occur in host cells in response to invasion-deficient R. meliloti.
